arXiv:2302.08834

e+e- = T+TI-
with the CMD-3 detector

Fedor Ignatov
BINP, Novosibirsk

17 March 2023
The Muon g-2 Theory Initiative Seminar


https://arxiv.org/abs/2302.08834

55 years of hadron production at colliders

Volume 25B, number 6 PHYSICS LETTERS

2 October 1967

1 September 1967

INVESTIGATION OF THE p-MESON RESONANCE
WITH ELECTRON-POSITRON COLLIDING BEAMS

- = had
V.L. AUSLANDER, G.1 BUDKER, Ju.N. PESTOV, V. A.SIDOROV, Start of e+e adrons measurements
A.N.SKRINSKY and A.G. KHABAKHPASHEV
Institute of Nuclear Physics. Sibevian Branch of the USSR

Academy of Sciences, Novosibirsk, USSR PhySLe-‘-T 25B (1967) n06, 433_435

Received 1 September 1967

Preliminary results on the determination of the position and shape of the p-meson resonance with elec- VEPP" 2 ’ NOVOS| b ' r'Sk
tron-positron colliding beams are presented. . B
e 8L,
S 2|
. . . =———— F e+te- = p TN
‘When experiments with electron-positron col- cor 3
liding beams were planned [1, 2] investigation of ter —————— —~+ ’
the process ide = 0
= + = o of - =
e~ +et— g+ 71 I
che ===
e +et— K™ + K"t cog % 30

Detector was made from “
different layers of Spark
C ham ber's ’ 600 700 800 900 1000
E& 2E (MeV)
readouts by photo camera e
:F é} Fig. 2. Experimental values of 1}‘2 (E) approximated by
g—% the Breit-Wigner formula.

I'ig. 1. Spark chambers system:

chaind i . ment geometry and F- modulus of the form factor
1) Anticoincidence scintiilation counter

5w Toewa aloiber 20 sra Shiiel for pion pair production [1]. In the case of QED
3) "Range" spark chamber with no other forces F=1. If the particles are
4) "Shower" spark chamber produced at the angle 90° with respect to the
5) Duraluminium absorber 2 cm thick beam axis then ¢=18. Integration over the solid
27 March 2023 &

6) Thin-plate spark chambers anele gives a=20.4 .



e+ e— — T+ 11— today

First hadrons production on colliders— 1967: | * VEPP2 Before 1_985 o
N 1972: | « ACO(Early) Low statistical precision
wt roron ! v Systematics >10%
R 1981: MEA NA7 A few points with >1-5%
1984: | o TOF
10 1979-1984:.. NA0O7 1985 = VEPP-ZM
1984:| » OLYA ) :
1985: ¢ CMD with more detailed scan
i | 1989: | + DM2 OLYA systematics 4%
e 2005: | + CLEO °
i Tl 1 2004: | = CMD2 CMD 2%
: % : | # SND
1 ¥, Vs sood 2009 - KLOE 2004 with CMD2 at VEPP-2M
1% 2011: | = KLOE10(LA)|  was boost to systematics: 0.6%
i L i [ I i ;ggzz--- EQEAR (near same total statistic)
it % T 2018:| - CLEO18 The uncertainty in a(had) was
1 l | 2020: | = SND2k .
10 L i improved by factor 3 as the result of
""""" VEPP-2M measurements
_______________ NewiioR T ood
4 | o e+e- =y + hadrons (limited only by
10— 0 | 1 1 1 0 5 1 1 1 | 1 1 1 | 1 1 5 1 | 1 1 2 | _!;_I 1 2 5 1 1 | 3 SysTema-‘-iCS):

KLOE: 0.8%
s, GeV BaBar: 0.5%

. BES: 0.9%
New.g-Z expemmen‘rs qnd fu‘ru:e e+e- as ILC, FCC-ee Ao
require average precision ~0.2% ,

New direct data:

SND2k : 0.8% (with 1./10 of avail. data)




R(s)

10
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o’ (e e —y"— hadrons
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R(s

R(s) is one of the fundamental quantities in high energy physics:
its reflects number of quarks and colors = pQCD tests;

QCD sum rules = quark masses,quark and gluon condensates, A,

Dispersion relations = aqes(M,), hyperfine muonium splitting, muon (g-2)
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e'e” = M gives main contribution to R(s) at /s <1 GeV




SM prediction for muon g-2

White Paper 2020 (e-Print: 2006.04822) HVPfrom:

LM20 J I SRRRARARAL L IMAREMELL O
Experimental world average (E821+E989) o g OBV |
a, = 11659 206.1+ 4.1 x 10° Fs . ——e—— ] N
Theoretical prediction data driven E%%\;ngocms 1 ; §
a,= 11659 181.0+ 4.3 x 10° (WP20) RBO/UKQCD z o
Aa, = 25.1+ 5.9 x 10° BDJt9 O : S
e r ___ng_t_qieigwaao _______ § __________________________
Hadronic part from measured cross-section CV'\;,TZLQ = & Q;L
_ LO hadronic 693.1 + 4.0 x 10 R R Sleop R R
Z:}ffnizm Relative precision X0
T 5060+ 19+28 0.7%
T o 464 + 1.5 (mostly fromomegaregiony 3.2 76
T 18.1 +0.7 - 3.9%
Inclusive( /s>1.8-3.7 GeV) 34.0+07 +0.7 2.9%

Light-by-light 9.2 + 1.9
27 March 2023 g-2 theory initiative seminar



https://inspirehep.net/literature/2060022
https://inspirehep.net/literature/1800513

Dispersive vs Lattice

T.Blum et al, e-Print: 2301.08696 [hep-lat]

aHVPu contribution from intermediate
window in Euclidean time

| | | | | | |
RBC/UKQCD 2018 - 7
ETMC 2021 .
BMW 2020 |- —+— 5
Mainz 2022 - = =
ETMC 2022 | —+— -8
RBC/UKQCD 2023 H—+H N
RBC/UKQCD 2018/FJ | ———+— 1o
Aubin etal. 2019/CL/KNT | —— 7%
BMW 2020/KNT —— ~=
Colangelo et al. 2022 - | —— | | | 1%
(]
204 206 228 230 232 234 236 238 240

a, (0.4 fm, 1.0 fm, 0.15 fm) x 10'°

T T T
I 1
\\
0.8 \ 1 U
\ — O
06 O 4 o8
4 \ 0.

Windows
definition

~4g tension between Lattice/Dispersive

C. Alexandrou et al, e-Print: 2212.08467 [hep-lat]

R(s) is convolved with Gaussian kernel

2.75 ]
250
2.25 3
2% S ¥
3 ‘./]
~$2.00 a
@s
1_ =4
& & =0.63 GeV
1.50 —— R“?(E)
b Rer(E)
1.25 t  R.(E)
0.4 0.6 0.8 1.0 1.2 14 16 18 20 2.2 24
E [GeV]
- 3
0.0 AR o =0.63 GeV e® e
. .
0.041 o] ®
- MR oo? * °
0.3 %) *
g3 T 1 *
=, 0.02 A ﬁ R/o_ A4
0.01 04
0.00
71_
04 0.6 08 10 12 04 0.6 038 1.0 12

E [GeV]

~30 tension at rho energies

E [GeV]

Question of comparison: e+e- vs (g-2), vs lattice

27 March 2023
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https://inspirehep.net/literature/2625168
https://inspirehep.net/literature/2615431

The 11+ 11— contribution to a“haol

Relative to CMD-2 f

5—5 ] BABAR 5—5 4 - —= CMD-2
8 —a— BESIII a :
3 CLEO18 .50.15F —— SND f
= —s— KLOE10 el C
e —— KLOE§12 = o1t SND2k A
0.05F | |1 Tt 111 % i ;
: bl of | 4; -] ]
i . ' E I . 1 b ' ||I
—0.057 “ 1“£ ~0.05 . | ‘- A .
] [ \ Y } ? _0.1f n
_0_153 —0.15;
6_3 04 05 06 07 08 0.9 11 1.2 3 04 05 06 07 08 09 1 1.1 1.2
A Vs, GeV _
Integral precision Seen 2.90 tension KLOE vs BaBar :
T ' ) = 'y Systematic Error
is limited bV SYSTZmGTICS = before CMD2 | (p-region)
;— j CMD2 CMD2: 0.6-0.8%
E SND SND:  1.5%
local inconsistencies larger = —— KLOE comb | | OE: 0.8%

. . — . —_—— BABAR 0 o
than claimed systematic errors = ; SES EQSB_AR' %Zf/"
— additional scale factor 3 CLEO CLEO:  15%

3 - 2 S:‘E’f“ SND2k : 0.8%
3 - cmMbs3 CMD3:
~360 365 370 375 _ 380 385

27 March 2023

i‘;, yellow band - systematic value

/s, GeV

20uUaJa}}Ip
Jdvava/30A

(%20%) 0IX82%6T ¥090G

(-u.u) "o

a™™ (0.6 <{s < 0.88 GeV ), 10'°g-2 theory initiative seminar



R(S) measurement

Two techniques: ISR vs Energy scan

BES (ISR) . BES
51s 10— .~ KEDR
Bl ¢ :
N PO = Babar/Belle2 (ISR)
e F
l'T‘ ' -
v _ Jy
N . |
| } o BES | = CRBAL
©  AEs : BESII § - GG2
a7 K i & KEDR # o MARK2
: ¥ 5 e exclusive data i H PLUTO
I.II]IIIIN'MIII'IIIIII!MI'IIII
M 15 —2— 25 3 35 4 —— 45 5
Exclusive approach ~ —Inclusive approach s Gev

VEPP-2000: direct exclusive measurement of o (e+e- = hadrons)
Only one working these days on scanning below <2 GeV
World-best luminosity below 2 GeV (except 1 GeV - where KLOE outperfomed everybody)
BESIII, KEDR - inclusive measurement of R(s) from 2 GeV to 5 GeV
27 March 2023 g-2 theory initiative seminar




VEPP-2000 e+e- collider 0} R

to VEPP-4M & c-T-factory K500 250 m (2010_2013'2016_)
e _ﬁ:“ beamline

Storage Ring \
e+/e- source Bldg.13 ] K09 agp VEPP-2000
Injection complex (2016-) i i Bldg 20| e {"‘%@
AR
CMD-3
VEPP-2000: direct exclusive measurement of g (e+e- = hadrons) &
Only one working this days on scanning 2E = 0.32-2 GeV

Unique optics, "round beams" to reach higher L
L = 0.8x10%% cm?s'at 2E= 2 GeV

Energy monitoring by Compton backsca‘r’rermgl/' 2ND
o, 0.1 MeV ' , | |

Two detectors: CMD-3 and SND
started by the end of 2010

ATy

180cm

27 March 2023 > theory initiative seminar






CMD-3 detector

Tracking:
X Drift Chamber in 1.3 T magnetic field

0y, ~ 100 pm, o, ~ 2.5mm
0,/P ~ J0.62+(4.4*p[GeV])? %

X ZC-chamber worked until summer 2017
o,~ 0.7mm by strip readout

Calorimetry:
X Combined EM calorimeter (LXe,CsI, BGO)
13.5 X, in barrel part

: o. /E ~0.034/ JE [GeV] & 0.020 - barrel
0 o. /E ~0.024/ JE [GeV] @ 0.023 - endcap
' 5 X LXe calorimeter with 7 ionization layers
with strip readout
~2mm measurement of conversion point,
tracking capability,
shower profile (from 7 layers + CsI)
PID:
x TOF system ( 0. ~ 0.4 nsec)
particle id mainly for p, n
X Muon system

27 March 2023 g-2 theory initiative seminar




CMD-3 detector

Advantages compared
To previous CMD-2:

X new drift chamber with x2 better

spatial resolution, higher B field
better rec. efficiency (factor ~2-5)
better momentum resolution (factor ~ 2)

X Unique LXe calorimeter with 7
ionization layers with strip readout
~2mm measurement of conversion point,
tracking capability,
shower profile (from 7 layers + CsI)

X thicker barrel calorimeter,
83 X, 2al3:4 X0

better particle separation
X TOF system
particle id (mainly p, n)

27 March 2023 g-2 theory initiative seminar



Overview of CMD-3 data taking runs

CMD3 collecied Lumlnosnv as of 06. 06 2022

eV
<

2011-5013
2017-2021 _
2021-2022 )

1fb~! project

700 =10

1/nb/20

--EBaBar effectnre Lu
<f <2drad, L B Bar=470

600

20 MeV,
2

11 IIIIIII

500

2

400

L per A 2E

10

Collected integral 1/pb

ATé‘rhreshold
: 1pb!

300

400 600 800 1000 1200 1400 1600 1800 2000
: : . 2E, MeV

200

e Collected since 12.2010

Rho scan <16GeV: 64 pb
_ _ _ | > 1 GeV 602 pb &
0= 2011 201272013 20142015 2016™ 2017 201 8"”"’2019 2020 """" 2021 2022

date

100

TR R TR TR P

Three data taking seasons for RHO scans
27 March 2023 g-2 theory initiative seminar



e+e- = 11+11- by CMD-3

Statistical precision of cross section measurement for seasons at <1 GeV (o13+2018+2020)
a few times be’r‘rer ’rhcm any other expemmen’rs

Full statistic up to date
with p scans

RHO2013
RHO2018
LOW2020

27 March 2023

=='nu?
E

{ ]
~ 0.06
—
b}
o

5 0.05
=

—

o
< 0.04

0.02

0.01

e

.......................................................................................

S B N T TR T TTT T TET PRI I PP

L Y TUC DR TN TR 0. T DU DRI A
||||||||||||
] [ | ] ] LI

] [ ] ] ] ] [

[ [ | ] ] LI

L [ ] ] ] ] LI ] ]
i [ | ] ] [ I | ]
L [ ] ] ] ] LI ]

L [ | ] ] ] LI ]

L T T T ey T e e I

e el T O D= =R R R S = O PPNt 225505 2

::::

T T R R R T T I LRI T T ET r

)

Analysis based on L = 61.9 pb?at /s<1GeV (+25.7 pb?, 1.0- 1
34x10° r'mr-, 3.7x10°

3

py-, 44x10° ete-

events selected at /s <1 GeV

g-2 theory initiative seminar



e+e- = 11+11- by CMD3

+ 280 : ; Y
Very simple topology (just 2 tracks back fo back), 4m¢ ¢ =~ . -""‘*rl"'3 k
but the most challenging channel = ety ad
due to high precision requirement. e i ok - 4102 |
Analysis was performed trying to reach systematic : BY
~0.35-0.5% I il
N
. . : &
Crucial pieces of analysis: -
<
X e/y/mn separation events separation either 2
1) by momentum Momentum, MeV/c, -

X radiative corrections  2) or by energy deposition
X precise fiducial volume 3) additional cross-check

X by angle distribution

4) using shower profile at >16eV

cosmic wm up e‘e"

+ 600

[4)]
o
o
T T

rgy deposition, M
8
o

0 300

10

200 300 400 500 6001
LXe Energy deposition, MeV, -

APW 08p=3 XT3 x ™3




Form Factor evaluation

~,
F.I'=

v

Ratio N_/N_ is measured

directly -> detector
inefficiencies are partially
cancelled out

27 March 2023

2
T 2
Ge+e7—)y—)ﬂ+ﬂ7_ 35 /J)j[|F.77f|

a+ ) (1+5md )i

€4 .6

(7+ / (1+6rad ) E;fj{

_—Abg

Mostly no background, Radiative corrections  Efficiency analysis

Applied if not accounted defined in used rely mostly on the

in particle separation acceptance, data. Important
b b & account for ISR and only difference

A :<Nbg/Nee) FSR effects, between

Evaluated as ratio to ete- VP included inF, T+T- / e+e-

by simulation. Both BG definition. (common cancelled

and e+e- are taken from out)

sim, inefficiencies
cancelled out in same way

g-2 theory initiative seminar



Event selection

Simple event signature with  * Two charged collinear tracks:

2 back-to-back A $|<0.15, |A6]|<0.25 Q,+Q,=0,/At|<20nsec
charged particles * Vertex position close to interaction point:
paver‘age b 03 M, | Zaveragel 3 5 GO
|IAp|<0.3cm, |[AZ|<Bcm

* Fiducial volume inside good region of the DCH:
1.<(n+06"—0")/2<n—1.rad
* Quality of selected tracks:
%°/ndf<10,N, . >10
* Filtration of low momentum and cosmic background:
045E__ <p'<E,, _ +100MeV/c, p >115p

Data sample includes events with: e+e-, pu+u-, mw+w-, cosmic muons
Almost no other background at /s <1 GeV

34x106 ', 3.7x10¢ pry-, 44x10° e*e events selected at /s < 1 GeV
27 March 2023 g-2 theory initiative seminar



Event separation

"1280-
events separation either £ 260 i .
£
1) by momentum § RSN T ©
2 b d iti £ <410°
) or by energy deposition S ; .
.-T;:. ............ ] L
A Bo O
./ @)
Separation of m'm, p'y, e'e, ... final states g R\ %
. . . o e . . g :Hé“ o I S "_l-,-'lll"" - I....I.. <
is based on likelihood minimization: e e

Momenlum MeWc

cosmic w'm" IJI-I e‘e

+500_ r\:l
> ©
—InL=- ZanNf X", X)[+2 N, ; 3
events ; g o o
g —
S A X

. 110°
g * m
o
2 o
10 fo0)
..... ‘ o
<
X ; ™

100 200 00 500 600

LXe Energy deposition, MeV, -




Event separation

Separation of -, y'y, e'e’, .... final states
is based on likelihood minimization:

~InL=—>_ In ZNf (X*,X7)|+D N,

events

Momentum-based separation:
PDFs are constructed as:
MC generator spectra are convolved with

detector response function (momentum resolution,
bremsstrahlung, pion decays)

36 free parameters in fit per each point
Energy deposition-base separation:

PDFs is described by a generic functional form (log-gaus, etc), =
trained on the data: by tagged electron, cosmic muons

56 free parameters in fit

Nm/Ne. - one of the free parameters,
Nu/Nee - fixed from QED (free at /s<0.7 GeV)

Possible biases are checked on full MC — systematics 0.2% at p energies ¥

© P Ebeam

Momentum PDF's ingredients
from MC generator

1e+08
0.9266
0.9266 [
x 002262
evy  0.02263

aaaaaaaaaaa
MMMMM

-

0.4

0.2

beam

beam

Energy deposmon summed PDF

>600¢

102

.wsoo:

>
-

400

300F

200F

100';

300

400 _ 500 _ 600
E.y, + MeV

10’
10°
10°
10*
10°
10?
10



Angle distribution fit

All pomT at E beam 350 - 410 MeV

}_<10 . 2 / ndf 129.43/ 157
800 :_ ........... =5 I I — ....................... ....................... Prob 0.94733
do/d8 spectra from MC Generators ook o\ _______________________ I _______________________ v, T e s oons
+ all efficiencies/smearing effects eoo-;— ...... SN e L g L0
extracted from data and full simulation so0bt = NN f'ﬂ?f?ﬂ'_F_F_?_???l__T__?__‘?T_? ____________
(cosmic is taken from data itself) ; g 5 5

Ny /Nee - fixed from QED (+efficiencies)
N cosmic, 31 - from momentum based

separation
Nrw/Nee , 8A - free parameters

uolNqII4sIp @ Aq 414

>1.008F
B o
Z1.006F
- -

21.004f | ' A
0025 el 1 ll I ‘IH“' " i'. I“

Combined fit on all points around p-peak , i i T
[s=07-0.82 GeV ossaf11]"[1 ]}

\

\

0.996F
0.994F

i

NTm /Nee = 1.0173 +- 0.0013 0'991:'\\ 13 .4 5 NI TS D

O,verage: Fad
No issue in accounted
27 March 2023 efficiency at © = bkpad#leory initiative seminar




| e/y/Tt separation

3 methods for Nr /N.. determination based on independent informations:
1) Momentum from DCH 2) Energy deposition in LXe 3) angles in DCH

A10 AA

0.06 ¥/ ndf 87.08/73 || ¥*/ndf 52,22 /44 ><103A| poinT at Ebeam = 350 - ibyndY\C\Vl

\0 i Prob 01246 || Prob 0.1847 129.43/157
CUNN B po _0.001627 + 0.0002002 | | po 0.0004369 + 0.0905233 800 P‘\ Prab 0.94733 T
3 - " T : & J e+07 £ 1. e+ —R°
2 oo Lo ; A o oo |
o z'é 1 o ) E - l \ BA.  —0.0015736 + 0.0003770 3-
+ i 600}
S ’z'?z‘so'ozi 3 = |~ \_ NN, fitpredict 0.9981 £ 0.012 @
8- ---..E 1 » 1 . 50(}E [ ere —___ \ 9_.
S 2 ol S o
& [ 1 t /- T 3
% “o02f 300 ? ] =
0 L 200 S e c
w ~0.04 [ 100F / o R_j\\‘\ g-
—0.0855 300 350 400 450 4 1 12 14 16 18 2 22
Beam Energy, MeV kg
For sum of /s =0.7 - 0.82 GeV points
by momenta in DCH: Niw /Nee = 1.0193 +- 0.00030 - o
by energies inLXe AN /Nee = -0.09 +- 0.024% £3
from theta with free 8A: = -0.20 +- 0.12% -
with fixed 8A=0: = +0.21 +- 0.07% E
. =5
consistency at ~ 0.2% ! gl f
27 March 2023 g-2 theory initiative seminar



Background

p=>max(0.45EmM,1 A 5PK}

_P035¢ — All possible background contributions

1
) : g
z.n 0.03 P i ..... o 4 .. 1-0 The Selec-red Colllnearn da-l-a sGmple:
4n KK
0.025 i S — * ................... ﬂ: ........ .............. €+€' — T[+Tl"T[O

P S N R . - e’‘e’>e'ee’e, eey
P ee’ = KK, KsK. , -, nond
0.01 5 ................................... ................................... ................................... ..............

0.01 ................................... ................................... i .............................. ..............

5 Cross-check of proper accounting
0-005 ................................... .............................. . Qb ............................ .............. WiTh STrongerl momen"-um CUT:
' i '560' ' i!g":-'ém' : P: >0.45 Ebeam = >O.6Ebeam (>1-15PKe >1-2PK)
Beam energy, MV reduces by 30-50% 3m and to 1./5 of 2K, 4m
ot N R R = A|F|2/|F|? ~0.02% (at w)

_50.007 e e
¥

0.008F 1. 2m2n ; 0.05% (at o)

0.005 2 :
o K'K o b +

0-004 KSKL ¥?‘

0.003 : i :

0.002 8 e | BG systematic error to F_:

Ll £ 0l
0'001?** 5k %**9&** 4 Fe8 -ty

Be st R © .| 0.05% (at w),0.2% (at @),
0.-0.15%(/s=0.9-1.2GeV)

440 460 480 500 520 540 560 580 600
B ] M V L L . . °
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only ~0. 2%\

Effect on N../N..
after separation

EX




3 e'e - T’

o(e’e = mmn® ) within collinear events

-
N

Momentum/E,_, . -
=
oo =

=
o

=
'S

&
X

Collinear events are selected for 2m analysis

e'e = wnnis background for mm analysis (0.8% at w)
Number of 3w events is additional parameter in likelihood
Main systematics (2.4%) inaccuracy of pm - model for

02 04 06 08

. L .
Momentum/E

12

beam +

efficiency determination, total 3.3%

B(w—e'e’)B(w—=mmn®) = (6.82 + 0.04 + 0.23)x10°
confirm SND@VEPP-2M result

27 March 2023

+2 / ndf 40.733 /37
Prob 0.30956
02000 e m, 782.79 + 0.025632
c - r, 8.6803 = 0.037507
= 1800 {—+ cmDp2 o 1608.1+ 7.1207
o [ {— CMD3 coll _ﬁn —-0.00049082 + 0.00023768
‘5 1600 . 2/ ndi 21.868/9
2 1400 Prob 0.00093073
3 - my, 782.64 £ 011782
= T, 9.0591+ 0.18778
E 1 200 o ol 1497.8 + 26.255
b 1000F A, -0.00084363 + 0.0026238
= ¥2 / ndf 77152/ 71
800F Prob 0.28853
C m, 782.66 + 0.048209
600F T, 8.7145 + 0.095681
C ol 1635 + 9.271
400 : LA, —0.00093282 + 0.0024148
200F &
0_ ol ARETETIEE ISR SN IR APRPE TS B BT, i
0.75 076 0.77 078 0.79 08 0.81 0.82
7% - 8.68 MeV s, GeV
PD62022
—— : CMD-2
= SND
. —_— BES3
fit
— BABAR
. CMD-3
cqllinears
L L L 1 L L L 1 L L L L L L 1 L L I L 1 L L
6.2 6.4 6.6 6.8 7 7.2 7.4

Br(o— e*e’)x Br(o— n'wn?), 10°
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Efficiency

Ebeam 391.48 MeV

L L1 MR R R I P T
360 380 400 420 440
good track- momentum, MeV/c

]
.

\‘$

@

3

=

1]
1 IIIIIIII 1 I-

[y

10

1

=2

Assuming independence of Calorimeter & Tracker,
Using the "test” sample based on LXe information:

two collinear clusters are detected + one good track

gives possibility to study track reconstruction
inefficiency

Event type is tagged by
energy deposition and momentum of good track

The "test” sample includes only partially some specific
losses (when second compatible cluster is not produced):
pion decay, nuclear interaction, .. (~30% ineff. accounted)
electron bremsstrahlung (~5% accounted)

N.B. Correlated inefficiency study was also performed

27 March 2023 without requirement on detection of one good track
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Inefficiency of Nhit cut

RHOZ2013, Ebeam 391.48 MeV

=
Number of hits on track starts & 0.09
to decrease at edge of the DCH i 0.08

Inefficiency need to be taken into account "m '
in same Oevent definition (as average over two Tr'acksF

Evaluated on the same collinear sample as used
in the |F:|? measurement

Event types are tagged by Edep, P
Inefficiency is evaluated by Nhit cut releasing

TR T 16 1.8 2 2.2
0 average, rad

wmis N (tracks with nhit=10)
E =

N“*"(tracks just reconstructed )

27 March 2023 g-2 theory initiative seminar



Base efficiencies

£e+e- 81‘[+T[-/£e+e-

it fe Efficiency without particles specific losses

r

o008l & Bwbsp b rRHO208 <RHO2018

T LOW2020: 1: L ................... — SRR ot
: Oé ' PR & _ = LOW2020 |

1.005p

PR/ cee

e*e” efficiency

0.996 : ................... ............ ] {‘ﬂ'{*{r{'{: ................... ......... *{ ................... ....... 0.995 E it £ ; ; 1 lllllllllllllllllll .......

0994;— ................... ................... H- } 099; _ l- ___________ { ....... { ........ .......

0.992f ot p R P e——e } ___________________ -

1IN W W O Y VR N .4 N N 18 U N U VOO WU NN WO NS A I
P omesfrom i {0 [ A R A
IllgllllfnlolisfqE IclolnldliTiqlnlllllll 0-975: :

0_98 _| L1l | L1l | L1l | Ll T ................. I... .... |... .... I....]... .... I. ............. i... .... | .................. I... .... | .........
AL O R *Beam Energy, MeV 150 200 250 300 350 400 450 500 550 600

Beam Energy, MeV
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Particle specific losses

bremsstrahlung energy loss, decay in flight, nuclear interaction with materials,
MS on the inner vacuum tube, ....
Taken from detailed full MC (includes detector conditions with time)

but it is also controlled by the data

. T even’rsé
0_1_ ....................... ................................... ................................... .................................. ...............

o
—
;

_ : o decay
0.08|— T S e o H ................................... S— 0.08— SR S P8 4 .a.d.mnl_{;__l_n_e_l_ast_l_c__: __________________________________ o
. ee UL e . & hadronic elastic

: : | : | - r dEfd)(,;MS on inner tubes

0.06F

nefficiency
I
*
a
=
pion loss
*
o
5

0.06

e interaction i

0.04 0.04f

particl

0.02 0.02f

200 300 400 500 600 -'--—3 by b 60
Beam Enerqgy, MeV Beam Energy, MeV

nucler interactions mostly on inner tube (systematics 0.2%)
most dangerous is decay in flight as it depends on detector conditions (syst. 0.2-0.1%)
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Pion decay inefficiency

Experimental P+ spectrum Decay in flight - depends on DCH efficiency
with |P- - P, | <10 MeV
RHO2018 Ebeam 391.36 Mev | controlled by number of events in tails
: : : . | hppexp_pipx . . A
: - [Eties 5357282 in the data vs simulation
1 0 ...................... ........................... ...................... e+e_ ............. .................
left tail T | Tails function taken from full MC
0% muonspectrum 4 W1 right tai (include DCH inefficiencies, resolutions,
Gf’fe'" P'On deCGY reconistrugted amplitudes, correlated noises per layers, etc..)
103 ...................... e .................. ...... b'r'Oken Tr'ack : ]
| Number of events in tails are free parameters
102 in momentum-based separation
104 'ﬂ"OUT ____________ _______________________ _____ N="*"n 1ais consistent with sim at ~ 3%
= pion-like tails — systematic uncertainty of Nmm
Mo A N 0.2-0.1% (from low to p)
0 L;:|_21 £ "0_4"' "0_5"' o Jo_gJ BT T (N.B. simplified DCH descriptions gives 15% discrepancies on tails)
Momentum/E,_,  +
Additional crosscheck with «weak» cuts:
Nhits >= 10 =8, x2 < 10 = 20, |Ap| < 0.3 = 0.6 cm
pion decay inefficiency changes by x1./(2.-2.5)
t 2 2 °
27 March 2023 AlF[?/|F|? < 0.05% g-2 theory initiative seminar



Bremsshtrahlung loss on vacuum tube

Experimental P+ spectrum Part of brems. correction (0.9% from 1.2%)
with |P--P. | < 10 MeV can be extracted from fitted spectra:
L 1 T T [mewax] nefficiency of cut P/Bun>045 e ww
10 F S O SO U SR S PRORPN - 25—??9?1 § da(al - ::? _279269?;:i2$403;7§g
: 2 L simulation i a7 | Q
£ 0.994 Prob 6693023 | < %
5 ] [ l b aomessiimicr | B @
10 ................................................................................................................................................................. dE.» i & . L I' * + n o
5 0.992— 1}; "1] ! B b Q o
Y i :F& ! hi <
4 E u_gg_ ! ] ) } ! il giex t i (—Vh o
10 .................................................................................. % E 1 ]}* }* § g
P CUT o 0.988 I l k4 0O D
. | for analysns : [ I i v
103 ....................... R— I o . e Y e — o A R N D S S WO
' 200 300 400 500 600 o ®°
; iar , ; ; Beam Enerav. MeV —
ot . ° 02-8
102/ The data vs sim agree ~ 0.02% 3% g
g : : ¥2 / ndf 332.5/150 8
| componen’r | | £ 0.004 Prob 7365016
10 v fa oo | 1 A T T il L= _E | I . ',, l T SLdliin
0 0.2 0.4 0.6 0.8 1 1.2 $ 0.0021 o H
Momentum/E,_,_ + s f o Il ﬁ U il
Brems. description is part of detector response function £ H THTIT | o
in momentum-based separation (with X/XO0 as free param.) g0 |- | - a
X/XO0 of inner wall consistent with sim. within <5% 8-0.004] I
— Systematics on |Fx|? ~ 0.05% T
200 300 400 500 600
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Trigger inefficiency

Two independent triggers were used based on tracking or calorimeter information
TF: 3 groups of fired wires in DCH from one track  CF: Energy deposition above threshold

Tr'ackader' 2m effucnency ClusterFinder 2m efficiency
;.,1 001_ = 1c - - -
% - l l g OnE : ¢ ¥
s F | ' 5 09f ——
s F [l K 1 £ o0.8f Y
G e | } S R « RHO2013
& 0.999f , § 0.7E b ~ RHO2018
5 - 1 S LOW2020
> n ﬂ' RHO2013 & 0 b
o B . -
R ¥ RHO2018 £ 0.5F
t - LOW2020 E-) 0-45
0.997} = l .
N 0'3: 1 . ot -..-.i.
0.996f 0.2 ¢ shaes’ P,
E UJE ]
99T 00300 400 '3'500' 600 0300 #0500 600
, ©a i S S Beam Energy, MeV
Having two “independent” triggers allows to study an efficiency of certain one by requiring
that other presents mtcrli?y event: - ol ____ Efficiency correction
€rp _(NTF&CF/ NCF)/( €rr g CcF ECF) accounts for correlation

Trigger efficiencies are evaluated from dependence with polar angle (TF), V'@ Time response

with energy of two clusters (CF)
Total TF|CF: — ~ >0.9994 for 2n events (and higher for e+e-)

Out-of-sync trigger issue gives 0.1-0.5% effect to lose both tracks
27 March 2023 trigger systematics 0.05% (<16eV) - 0.3% (>16eV) - as difference between 211/22 e it beminar




Ti+71- efficiency vs O polar angle

-, RHO2013/RHO2018 ...  Zvtxcut

0-s98F 0.986 F :'gzji. — X097 A ~.0.35%
0984 : 1-0035 —_ - )
’ E " 4 . E :
0.982fF q W?M«% 1.002F
o 1.001
098 t E
0.995, D | o S 0.978 E_ h | N | | 1 %h ogg;g Ill
E '9' dase et ICIZHCY '|+ ’ = - pecldy, INacliedr 1055 uii os0sE
E A . om 1O 4 0375:{"* iE
°'9“E j N'~035% '\ osrapt b AS ™ .600 *}* it 2::::%
0.593'—— 12 14 16 18 2 22 0o72- }1 12 14 16 18 2 22 0.9955— 12 14 76 18 2
T dth ; nhits
= E | e . ~ i
il 7
M j o ' [
0.999 ,Wfﬁf ! M Tt 'rw # h i Aﬂ“ﬂh = : . e
' WY rearing wf = N hits cut
0.998 t! .ﬁhh Smear |n9 E 1 v
- 0_95: . A ; AL OY "
wonrf A6 cut S A~caI0/k ,
007 0954 '
- ~ 0.2% S +
0:396 12 14 6 7 .: F = 2.2 L= 12 14 16 18 2 2.2
trg zscale all
- 1,005 0.95
15 -.'i'f 8 ::gz‘;f 0.94F -~ S Y “WJMP"H“.
0.998 . E o .

- = 0.9 y '
o D~ 0.2% =7 seale T~  wf | atmW2A~04-05%
- E n W\.M\

- + L R Dt
[ . " ' " mn-_...,,w-_q.,.r.hf
0.992 ; E

st 1ligger "- D R R A % ¢ Total efficiency
| /_
/

5 9 0.8y 4"
} 0996 E ~ 0.3% C
- E . - i
L — 12 14 % 18 2 22 0385 12 4 6 8 2 22 L 12 14 16 8 2 22

Average at p-peak over /s = 0.7-0.82 GeV
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Radiative corrections

Measurement of e*e- — m*m-—requires high precision calculation of radiative corrections.

Two high precision MC generators is used
MCGPJ(0.2%, e+e- u+u-,m+m-) vs BabaYaga@NLO (0.1%, e+e- u+u-)
They include exact NLO + Higher Order terms in some approximation.

e+e- = e+e-(y) : great consistency <0.1% in the total cross section
e+e- = p+p-(y) : Mass term in FSR is missed in most of generators
(effect 0.4% at /s5=0.32 GeV)
e+e- = m+m-(y) : only MCGPJ available with 0.2% precision
(for energy scan experiments)

Achieved precision in current analysis is also sensitive

for precision of differential cross sections predictions

e/m separation by momentum requires do/dP:dP-spectra as initial input
Asymmetry study requires do/d6 spectra

27 March 2023 g-2 theory initiative seminar



Radiative corrections

BaBaYaga@NLO shows better agreement with the data: effect on N /QED
1) Momentum spectras better d/escr'ibe data: when input do/dP+dP- spectra
gives consistent results in N /QED >
(effect on |F_|? ~0.2% at /5=0.78 GeV, and rising to 1.5% g 1_1;01;(614 fmm MCGPJ ﬁégdf %.110/5
at 0.9 GeV when using momentum-based separation) ;Ai-gi;_ — 1ot2rs 0:00155875
5 : : .%1.045— " I ________ 2
) Experimental asymmetry in e+e- data oW Wl F
relative o BabaYaga@NLO: T E e
3A = -0.060 + 0.026 % ob
relative to MCGPJ e
6A = -0.140 * 0.026 Te 094§_ ,,,,,,,,,,,,,,,,,,,,
BabaYaga@NLO consistent with NNLO MCMule 0.92F-
0A = +0.006 + 0.003 % at /s=0.76 GeV Fy | ' | ' | |

_l L1 1 I L1 11 I L1 L1 I L1 L1 I L1 L1 I L1 L1 I L1 L1 I L1 1.1 I L1 L1
0837035 0.4 045 05 055 0.6 065 0.7 075
Vs, GeV

We adopted generators usage in this way:

e+e- : BabaYaga@NLO MCGPJ/BabaYaga@NLO difference gives systematics
u+i- : BabaYaga@NLO (differential cross section) | on |F|2, when using momentum-based separation

.MCGPJ (integral) Better NNLO generators are needed for higher
- MCGPT precision




Radiative corrections

Effect on 21 radiative correction from
different |F|%: parametrizations
(over different datasets)

Radiative corrections within
1.<(n+0"—0")/2<n—1.rad, |A¢|<0.15, |A0]|<0.25

kPP - 0.01c
Ef _— . L - =
- . B4 :
B * + 0.006[
oS * X 0.004f
- <" 0.002F
1_— Al 0
- —0.002F
0.95F b - é
- _0.006F
0.9 ~0.008F
X B Y T Y A e

Systematic uncertainty
02% (m+m-)® 02% (Frr,s>0.74 GeV) © 0.1% (e+ e-)

N.B. KLOE/BABAR systematic difference in derivative 4%/0.4GeV,
in CMD-3 is also possible up 1%/0.1 GeV — same 0.2% estimation (from Fm model)



Precision of fiducial volume

Polar angle measured by ZC chamber

DCH chamber r- (was in operation until mid 2017)
with help of charge division multiwire chamber

method ‘g with 2 layers and with strip

(Z resolution ~ 2mm), == s 20dout along Z coordinate

Unstable, depends on .
calibration and thermal .. ...
stability of electronic

strip size: 6mm
Z coordinate resolution ~ 0.7 mm

Calibration done relative to
LXe (ZC)

BEEN DANRRNANY -~

HV +1.2 kV

LXe calorimeter
ionization collected in 7 layers with cathode
strip readout,

combined strip size: 10-15 mm
Coordinate resolution ~ 2mm

strip precision, coordinate biases ~ 100 ym
should give ~0.1% in Luminosity determination
Can be spoiled by noise environment

27 March 2023 g-2 th




Precision of fiduclal volume

Monitoring of z-measurement DC trocks veibi T Inner DC radius effect:
between ZC vs LXe R < el © - angle with Z vertex constrained

vs unconstrained case for 2 tracks

leration 2

L 0003r g0 : : : : — [hdtevpiCosmond pi | = 0.02p — 22/ nof 88.55/ 11
E u 8_ Icl-D ] g : : : || Entis 66691 "E,.m - FoopE sep ;;Db -0 0015??+3-§g§::):
8 0.002f - dou || Vean 0| z*0.015F ' =
OO 4 3 8 " My oee| =, F
N o001F HO2013 = A .l It ’ 18] 2" g.01F ¥
o F AN DA | m A ol o I e,
' . scan . S TN A, u A tﬂ _lﬂ' 0 : ¢ ], AR
O ik, >3 P i m i 1* -.a-\-'-#‘ * 0005 b [ oo
w &, *** **%g: s ul ( 1 ok o » -
0001;{% ;g’%%# ng JJ.USE ‘| ‘ | 4 \ 0_ Chm O PR Ea
-0.002f é PRGOS NPIVR NSRS S S, N ~0.005}
~0.003 "t~ 35000~ 3000035000 40000 45000 L - 00T 5300 500 600
run number 0,,omd I | oy ﬁ\f;a_n: Eneray, MeV
Variation because of 8z ~ 0.5 mm instability over regions T
. o . : Low resolution, higher systematics
DCh instability, different B field, at R=40 cm . . :
. : ' During RHO?2013: 4 middle layers in DCH
ZC, LXe noise level (by ¢, track direction, etc) 2
were switched of f
- higher weights of inner layers
N.B. in average <6z> should be better N.B. © - angle is defined with vertex constrain
- inner radius biases should be suppressed
Systematic uncertainty to |Fy|2
ZC/LXe comparison LXe/ DC comparison Inner DC radius effect:
0.25% d 0.3% ® 0.7%(RHO2013)/0.3%(RH0O2018)
- o, )
27 March 2023 = 0.8% (RHO2013) / 0.5%(RHO2018) g-2 theory initiative seminar



DCH'’s Inner radius effect on polar angle

0% " =(0"+n—0 )/2 The analysis uses 6 angle with Z vertex constrain
- inner radius biases should be suppressed

AZ correction can be applied for vertex unconstrained case,
+ additional vs LXe monitoring on the same collinear events

sample
272/ ndl 5233712 |[ 22 /nat 1038173 |[ 2/ ndf 96.42 [ 43 o Q
- 0.01¢ Prob 09498 [ Prob 0.01036 N Prob 5.663e—06 :._h g
) £ PO —0.0001836 + 0.0002774 || PO 0.0001676 + 0.0001021 po 0.000804 = 0.0001392 o @
CommOn Z Ver‘.rex bIClS Of +/_ TI"GCkS dl”0_093_ S ................................... .............. e ?
, i i . _P0.006F ................................... ......................... P5|Esep ................................... .............. > g
doesn't give bias to 6 S NI o
0-004 : + ................................ ______________ + g g
0.002F ol “:' : %**% .................................... .............. & 8 'g
.‘n .. L e ‘;: %: . — e
of - Rk Y C a2
ek A ; =
—0.002F ] (S S — o o 8 3
E | S 3 S
_0_004 = ..... .............................. ................................... .............. :ss o
-0.006 : ................................................................................................................................................................... .............. 8.- q|>
—0.008F 5N ........ /N ............ (_015 ............. O 2% .............. g §
- C [ L1 L L . 11 0y =
0.01———306—"""300 400 500 600 0

Beam Enerqgy, MeV

AZ at inner vertex Conservative angle related systematics is kept 0.3/0.77%(RHO2013)
gives bias to @event as Z-vertex constrained/unconstrained cases differences for 6=

(without corrections)
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Frt within different © selection

Dependence on theta cut 6_<B=e"<m-6__

or asymmetrical selection 1< ©2e"" < 11/2 (or T1/2 < ©°vent < 11-1)

£0.004

|F_|2 stable at <0.05-0.1% level E 10.003

within different angle selections -é‘u"* 0.002

= 0.001

Angle related systematic uncertainty 0

estimation is quite conservative: T
0.8% (RHO2013) / 0.5%(RH0O2018) '

-0.002

Simplest possible systematics in © angle: -0.003f

- length mis-calibration _0.004E

©e="* common bias
should be seen with ~0.3-0.4% on this plot

27 March 2023

Average at 2E= 0.7-0.82 GeV

leferenT seasons........____....... |

T sep by P RHOZ2013 |
- O RHO2018 S
- by E, RHO2013 . 8
= RHO2018 ) =
E % + 2 g
. . b1l dE}J S
- : a
TARE LRI
__ 'ﬂ@ i %: S IS SR - < ﬂ}] . . g
L ¥ 3
C : ooy 8
= ¥ =

*® &

28

9::1 0 9::-1 1 9::-1 2 9::1 3 9:-1 4 R-:m? 9>m'2

With 0.5% systematic at 1 rad
*Z-length mis-calibration
* 0 bias

* B bias opposite
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Forward backward charge asymmetry

do/d© spectra

0 800X10°
g
= 700 O SO PO ST UD SO00 OO PO ST T RSO TSP UTUPOE SOV B
= Asymmetry definition:
E 600 - L S T
5500 __-- ................................ ............................... ....................... A - (N9<n/2 . Ne”.r/z)/N
300 Sensitive to:
e ¥ angle-related systematics
X used model of y-m interaction
100 | | | _ |
0] 18 0k " LPAT Tirsetry:

0 5 rad o/ - o
o 1% inconsistency for m+m- was observed

between data and MC prediction
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Charge asymmetry in e+e- -> T+Tt-

_— .A (Nem/_2 eW/Z)/N | Relative to GVMD prx'ﬁfilc‘rloagm
;:‘eé' 0.016 : : : : gﬂﬂ 006: E:b -n.noozmm.onigg;
STRUOLS _;5 0.004f
. §0.012 s F 1
< 001 *,0.002f T
0.008 of
o -0.002f
0.004F- - )
0.002F —0.004f- TUTTT
oE —0.0065 Dispersive F_
-0.002f ' | g ' ' ' ' 300 400 500 600 700 800 900 1000 Hv'lod 1200
. MeV
300400 500 600 700 800 900 1000 i «1502" ;%oo with BaBaYaga@NLO =MV
Conventional sQED approach gives ~ 1% inconsistency =i 0.006f e‘e- 0 -ooomes omoese
. . 5 . o % B -
The theoretical model within GVMD was introduced, i 0.0041
B B L
describes well the CMD-3 data rieeetal, PhysLett.B 833 (2022) 137283,70.002F |
was confirmed by calculation in dispersive formalism oF [ N e
M.Hoferichter et al., JHEP 08 (2022) 295 _0_002: T LIl
Average at /s = 0.7-0.82 GeV: i i T
' «dA> = -0.029 + 0.023 % Ensure our O angle %% -
e: <0A>=-0.060 + 0.026 % systematics estimation 0%
2 300 400 500 600 700 300 900 1000 1100 1200
for |F_| is, MeV

27 March 2023 g-2 theory initiative seminar


https://inspirehep.net/literature/2072382
https://inspirehep.net/literature/2107871

SQED assumptions for radiative corrections

The radiative correction calculations is commonly done in the sQED approach,
I't's mean that the calculations are performed without form factor,
then final Amplitude is scaled by F(q?)

Scalar QED approach >< O A = sSQED*F(s)

Proper way A ~ JF(q,)F(q,)

Proper way will be to put F(q?) to each vertex
N.B. It will be important to re-calculate radiative corrections
27 March 2023 with above sQED for ISR measurement  g¢.2 theory initiative seminar



| Consistency checks

Result consistent between seasons

2 / ndf A/ 2 [ ndf )
z 0.1 b o145 | oo oo within < 0.1%
30.08f = O'OOfOSMiDg'Zg?:m 20 — SR DCH was in very different conditions:
E 0.06L T eMba 2018 ;{;Ob —0.0001377i0.0(?£;;2 i cor'r.'ela‘red fois i
0.04F CMDo 2020 o x 4 middle layers of f (HV-related) in 2013
0 02: ] l : T [ X etc.... i |
& I 11 _ 1*11 { i1 l* as result it gives ~x2 difference in some
OF T m’{h {‘{‘ﬁ i i i il corrections
~0.02} ' - . 1 % ‘ Good check of angle/tracking related
-0.04+ I systematics
_0-06; a 1.1— %2 / ndf 61.432 /50
—0.08E I:t_fl.OSE f‘\j /l QE D E(;Ob 1_001710.;612322
= 21.06F W
i R R N A e = F . g
0304 05 06 07 08 09 1 114 1.2 jroef (] L
(s, GeV oz |1y 1 Lt
|F._[2 RHO2018/RHO2013 A =-0.04 + 0.07 % AT T % T f‘*
A 0.98F|- 1 1 ¢
LOW?2020/RHO2013 A = -05 + 0.6 % 096t .
0.94F
0.92F
N,/QED A=+0.17+0.16 % OB 0 0 s
. s, GeV
27 March 2023 Many others consistency checks were performed ,  (1eory initiative seminar



Analysis workflow cross check on MC

- 0.1 x2 / ndf 180.9/210
o 081 ________________ Recons'rr'uc‘red _____ E ________ Prob 0.0274
. | pﬂ ~0.000211+ 0.0002858
Full analysis workflow was checked on 1" 0.06F; I
mixed full MC data samples 1L"0.04F
. e : 0.02[+
(with detector conditioned over time) of
0020 [ T
Same full analysis as for the data: -2:: 03106 | 06009 | 090 116eV
efficiencies reconstructions, = +0.62+0.22% |-0.06+0.03%| +0.49+0.13%
particle separation, etc 3 '0‘ +0.2% include separation syst. +0.6%
. ‘ ot
pame SCHPTS' %2 [ ndf T 63.042/52
. . . a 11— n :
same intermediate files, etfc §1.08—Reconstruc‘red U(W'IJ N ;r]ob 10028+0§0.:;gi§
71.06 T
.%1.04
+¢D
2 21.02
All underneath components (separation, 50

—t
I

efficiency reconstruction, etc)

were also checked with better precision 0.96F
0.94F
0.92F

e
©
=)

||||i||||i||||i||||i||||i||||i||||i||||i||||
083035 0.4 045 05 055 0.6 065 0.7 075
Vs GeV



|F_|* systematic uncertainty

¥ Radiative corrections 0.2% (2m) & 0.2% (F) & 0.1% (e+e-)

¥ e/u/m separation 0.5 (low) - 0.2% (p) - 0.6 (¢) %

¥ Fiducial volume 0.5% / 0.8% (RHO2013)

¥ Correlated inefficiency 0.1% (p) - 0.15%(>1 I3B)

¥ Trigger 0.05% (p) - 0.3% (>1 M3B)

¥ Beam Energy (by Compton oe< 50 keV) 0.1% (out of resonances), 0.5% (at w, ¢ -peaks)
* Bremsstrahlung loss 0.05%

x Pion specific loss 0.2% nuclear interaction

0.2%(low) - 0.1% (p) pion decay

0.8% (low) - 0.7% (o) - 1.6% (o)
11% (low) - 0.9% (o) - 2.0% (9) (RHO2013)

Fixing of N, adds scaling of correspondent sources with ~ (1+aN /N, )
at @ with N /N _~1 1.05% / 1.2%(RHO2013) -» 1.6% / 2.0% (RHO2013)
at 1.2 GeVwithN /N~ 24: 1.05% - 1.95% (RHO2018)
27 March 2023 g-2 theory initiative seminar



Form factor

o
=

3

10

3 04 05 06 07 08 0.9 1 T. T
{s, GeV
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Form Factor description

| Fr(s)]? ‘(B\/V“()(1+6BW(=) So—sz

m2 m*

5 BVV(_;, (S)) —+
¢
2
+ a, B\NS}S(S) + a B“’TSE(S) -+ afcom) J(1+ ay + ay + Geont)

p,p,p - by the Gounaris-Sakurai parameterization (GS)
w,® - by the constant width relativistic Breit-Wigner
a - constant for continuum contribution (partially absorb p', p", p”, ...)

cont

p, p" - parameters fixed by combined fit together with CMD-2 and DM2 , /s>1.1 GeV
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Form Factor description

Parameter

value

My ., Uy constrained

by PDG’s values

PDG(2022) [56]

my, MeV
'y, MeV
my,, MeV
r,, MeV

arg(d,), rad

—6
Bw—>7r+7r— Bw—>e+e— ;10

775.41 +0.08 £ 0.07 775.44+0.07£0.07 775.26 £0.23
148.8+0.16 £+ 0.05 148.76 £ 0.16 £ 0.06 147.4+0.8
782.43 +£0.03 £ 0.01 782.44 +0.03 £ 0.01 782.66 £ 0.13
8.07£0.06 £0.01 8.59 4 0.06 £ 0.01 8.68 £ 0.13

1.204 £ 0.009 £ 0.003 1.204 + 0.009 £ 0.004 1.28 £+ 0.05

0.167 = 0.008 £ 0.01

0.169 £ 0.008 4= 0.012

)]
£
X
G
T <
A
T a mg, MeV 1019.761 + 0.128 + 0.022  1019.465 +0.016 £ 0  1019.461 + 0.016
= = Ty, MeV 4,681 £ 0.271 £ 0.058 4.25 4 0.013 4 0 4.249 +0.013
P By sninBysere 1070 3.65 £ 0.24 £ 0.02 3.5140.22 4+ 0.03 22404
30 _2 arg(dg), rad 2883 +£0.052£0.011  |_2.77 +0.023 £ 0.006
DhE [Geont| 0.0975 + 0.0011 4 0.0096 [0.0971 + 0.001 + 0.0106
5’) v arg(acont ), rad 2.337 £ 0.021 4 0.286 2.344 4+ 0.02 £ 0.309
¢ L X2 /ndf 212.53 / 195 223.42 / 199
2 S m/,, MeV 1226.22 + 24.76 1465 + 25
o o I, MeV 272.97 + 45.53 400. + 60
< 9 m!’, MeV 1604.66 = 30.8 1720 + 20
S S I, MeV 249.39 + 52.24 250. £ 100
O ab| 0.3589 + 0.0693
S a”| 0.1042 - 0.031
8 arg(al,), rad —1.831 4+ 0.07
W arg(a,), rad 3.384 £+ 0.234
x? /ndf 288.87/240

CMD34+CMD2+DM2

27 March 2023

x? = 220.08(CMD3)+25.30(CMD2)+40.10(DM2)+3.39(PDG)
ndf= 207+29+20+4 - 12(p,w, ¢, cont) - 8(p', p") .
v-<2 wevury nnuadtive seminar



P - T+Tt-

First direct |F_|> measurement around ¢ resonance

w4 .................................... ...................... 5 Ea .............. ................... v - (-21.3 + 2.0 + 10.0)° 2
o Bl ET || Blemee)Blemmm) = (3512 033 £ 0.24)10°
aF | Previous measurement using detected N__
i or visible cross-section by OLYA, ND,
2.5/ SND (Phys.Lett.8474:188-193,2000)
i v, = (-34 £ 5)° 0
2 B(p—ee)Bo=Tm) = (2.1 + 0.4)x10° 5

L : L L 1 : L L L L L L L L L I L
0.98 1 1.02 1.04 1.06
Vs, GeV

N.B. radiative correction uncertainty (from F_ parametrisation)
gives ~1.5 scale factor of total statistical and systematic errors (both for Br and y )
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https://inspirehep.net/literature/523208

¢ - TI+71T- via VP term

Assuming ho direct o>t
if interference comes from VP

~————non resonant F_with
vacuum polarization term

2

0,=0

F];,— (S) 1_Pnot—¢—res<m?p)

1 R A N R R 1—P(s)

2-2_ ..................... ..................... ..................... ...................... .....................
Ll 1 I L L1l I L1l L I L L1 1 I L1 1 L I L L1 1 I L1l L I L L1l I

1 1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.04

Vs, GeV

= (3.51+043)x10°
)~  53x10®  -asexpected from VP only effect

pe+e- PTTHT-

( pete- QUTH+T-
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| Other experiments

Relative to CMD-3 fit, yellow band - systematic value

vs ISR vs direct scan
r 0.2¢ T Eaaaae - 0.2¢
wee z 0% SETE
Jots o Jo.s: s
= 0.1 —&— KLOE12 T 013 —— SND2k
0-05 [ - 0-05f
T " - .
0 [
_0-05 ...... a3 . _0-053
~0.1 I | ? L A X ) !
0.5 ' ~0.15F

063704 05 06 07 08 09 1 11 12 963702 05 06 07 08 08 1 11 12
Vs, GeV Vs, GeV
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| Other experiments

«_ 90 -
3 X - CMD-2
- - BABAR
451 - SND
in f SND2k
a0f - Bes
- £ » KLOE10
- Cia + KLOE12
= Gl | - CMD3

" f | e N
e il b
28 [P ! L1 I L1 N [ L %b\

6 07 072 074 076 078 08 082 084
/s, GeV
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The 11+ 11— contribution to auhaol

9 . N o
(I}E(A(E’LO B my, /DL "7'-6,'+e——>";"‘—>JiLif:u:if'.r'.c:rr.ts('-")jri (f))(fﬁ 06 < fs < 088 Gev
J 4m2

I” ].2“ % 'E"

e beforeCMD2 before CMD2 368.8 +10.3
—— cMD2 CMD2 366.5+3.4
————— sND SND 364.7 + 4.9
—a—— . KLOEcomb KLOE 360.6 + 2.1
. —e— BABAR BABAR 3701+ 27
——— BES BES 3618 + 3.6
 CLEO CLEO 3700+ 6.2
——=——  SND SND2k 366.7 + 3.2
. —e—cCMD3 CMD3 379.3+ 3.0

|

360 B65 570 575380 385590
a™™ (0.6 <ys<0.88Gev), 10" RHO2013 380.06 +0.61 + 3.64
RHO2018 379.30+0.33 +2.62 x1010

Sum 379.35+0.30 £ 2.95
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Conclusion

¥ VEPP-2000 collider is only one working this days on direct scanning
below <2 GeV for measurement of exclusive o (e+e- = hadrons)

¥ CMD-3 pion formfactor measurement is based on full data set at /s <1 GeV
34 x 10% of m+m- events was used in analysis (at /s<1 GeV)

¥ Total systematic uncertainty 0.7% (RHO2018) / 0.9%(RHO2013)

¥ New KLOE, BaBar analyses, SND@VEPP-2000, Belle-2 data are underway
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Puzzles in puzzle

Question of comparison:
e+e- vs (g-2), vs lattice

Where difference

comes from:

KLOE vs BABAR vs

CMD-3 Will it be confirmed?

BABAR final FNAL vs J-PARC
KLOE~ +e_?CMD_3 (9—.2)”
Hard effort Biiperiment
against
systematics :
MuOnE Lattice
H-e scattering Does Lattice account

for all effects?
BMW20 vs others
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Question 2

Fig.3-4 show 2D-plots for the momentum and energy deposition methods at 2 CM energies, one where each method
work best (0.5 GeV for momentum and 0.956 GeV for energy) and the other at their limit where they do not
perform well but are still used (0.9 GeV for momentum and 0.548 GeV for energy). In the comparison with other

experiments the problematic region is 0.6 - 0.8 GeV. Need to see the corresponding plots at these energies, i.e. 0.6,
0.7,0.8 GeV.

0.6 GeV 0.7 GeV 0.8 GeV
Ebeam 300.07 MeV hppexp Ebeam 350.03 MeV hppexp Ebeam 400.33 MeV hppexp
'E1 -2: : T Enries 124% 103 s1 2 i TE | Entres 337@ 'E1 2 TE Entries 253% 103
R e B i g W G
E '} RTINS E g 3 E R ]
2 i ; 2 s R ] 2 R
5 1; - 5 1 : il : 5 1 i -
£ : E - Ky il i - £ E i-m"' |
20.9" q10° S . i Fak 20.9; - 10°
L . R e | E 10° X A
0.8F . 0.8F 7 o, == 0.8F .
0.7 0.7F =X i 0.7}
- : —10 - 10 - I_::_i_;_ : —10
0.6 0.6 A S 0.6f B
0.5 0.5F it e S 0.5} .
0.8:;:-.;|| ||.|| ||-'|.1 aaadiens |-||. |||| 0.6-:.1|r.1 i |..|i -'||||. L1 .'||.\ N ||¥; HER 06- 1 pl gy g 1 ] Ii:'.. .
4 05 06 07 08 09 1 11 1. 4 0506 07 08 09 1 11 1. 4 05 06 0.7 08 09 ~ GTR]
Momentum/E,__,_ + Momentum/E,__ + Momentum/E,_  +
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Question 2

Question 2
Fig.3-4 show 2D-plots for the momentum and energy deposition methods at 2 CM energies, one where each method work best (0.5
GeV for momentum and 0.956 GeV for energy) and the other at their limit where they do not perform well but are still used (0.9 GeV

for momentum and 0.548 GeV for energy). In the comparison with other experiments the problematic region is 0.6 - 0.8 GeV. Need
to see the corresponding plots at these energies, i.e. 0.6, 0.7, 0.8 GeV.

0.6 GeV 0.7 GeV 0.8 GeV

bea h h h
2300 _E am 300.07 MeV —_— Emnesefo BCW s nmeseisfﬂ e +400 Ebeam 400.33 MeV = Enmese;sﬂ .
] - - . . - e - | . [} . Q -, R
E_ C- - . : r.'“-"”'.""-": _-:-;j:.,;l._!wf;'“l_‘{ =, '3 102 E_ E_3 UE IR SAPYS SOt urs b NI B
g L sty . B £300 g350F g e B
_9250_. (IR g fa s o 2 C o e a0
= Co. _'\..E..- l._.l'\-' ] " o - ] = _i_.;.._'-\.ll_d'\:l- ki o - -]
g L~ ~rfﬂ=' ""f‘f; B 2300F 3% o]
=% L. .ﬁi : ] 825 o o ;
0200} & y Lolghe (1) [ EF..“:&; i 2 e
S s gl e o 10? D250k . heio =102
S el 10 8200 S iz | -
) (150 = o iy e e T ) ) I A =:. 1 3
LE 1 so'i B -l':.'::':: -':::'"'l ! :'ﬁﬂl = = _.?:‘!l::l_l::::' : LE I.E 200']_-:-‘-;:__ S '!:- .Er— 2 '-\-_ .l;n'... |
@ [l SR e 2150 CP L S
5 1 00 _: ':.:l:-.::: E-.%._ _i-l'; _'.-.I _::l_:-; :- ; --'\.Ibﬁ:-\..':.' - | 5 5 1 50 l:?-::" ._:
oA S 100 107 i w410
-ﬁ_!.”%n“-' - .___;__1. :_b:::. w_{f_&%#;;: ; 1 . . 100 | . —
S0 e 50 i, BE o, SRR
I "-"; S ?:‘;}%é%’!rﬁ:t}iﬁ"% E- : 3 l - [ b R
_I_.I.-'I:-' I 1 1T TI :I‘-T..-I.'-:.I"'I-\l‘l 'lllll L 11 1 { i | I 1 %—; i\ |'\T'Fmﬁl;r‘l:'1—fﬂ—rl-rl L1
G0 50 100 150 200 250 300 G0 50 100 150 200 250 300 356 50 100 150 200 250 300 350 406
LXe Energy deposition, MeV+ LXe Energy deposition, MeV+ LXe Energy deposition, MeV+

27 March 2023 g-2 theory initiative seminar



B e i e NSO s i i .

Question 6

The 2D reference distributions contain 36 and 57 parameters treated as nuisance parameters in the likelihood fit.
Provide more information on the nature of these parameters, their time dependence, the checks with data and how
they impact the systematic uncertainty on the cross section. Is it possible to show a data-MC comparison for
individual PDFs, e.g. by applying strong cuts for one of the tracks?

Separation of mm, y'y-, e'e’, ... final states is T e Z i

i’ i +) N,
based on likelihood minimization: = 1.
Momentum-based separation:

MC generator spectra are convolved with detector response function (resolution, brems., pion decays)
36 free parameters in fit per each point
PDF(e+e-) detector response addition: brems. + 3 Gauss per axis + sigma (x-y correlation):
bO(1-p/po) - f0) X (ZGauss(1/p'))
2 +8*2 +1=19 parameters
PDF(u+y-): 3 Gauss from e+e- + 1 Gauss(p) per axis + sigma (x-y correlation):
2*2 +1=5 parameters
PDF(m+m-): 3 Gauss from e+e- + 1 Gauss(p) per axis + sigma (x-y correlation) + fixed from MC form of
pion decays tails (ratio in tail free):

2 Nfi(X,X7)

2x2 +1+ 2 =7 parameters
PDF(cosmic): form fixed from clean cosmic sample selected by time of event
PDF(3m, 41): form fixed from from full MC

Nee , Nrn/Nee, Nuw/Nee, N3n/Nee, Neosmic/Nee - 5 parameters
27 March 2023 g-2 theory initiative seminar




- Fit result

Ebeam 391.48 MeV

hpp hpp
1o hppexp_epx N hppexp_epy
Entries 1110482 10 Entries 1128286
. Mean 0.9759 . Mean 0.9728
10 Std Dev  0.08771 10 / '\ StdDev  0.08776
10° 10° e Fil
— .973 < P/Ebeq Bl AT
o,
. \ m . / 0
|
A N R AN Mgyl . /AN
1] 0.2 0.4 0.6 1 1.2 08 1 1.2
Momentum/E, ___ + Momentum/E, ___ -
hpp hpp
hppexp_mupx 10° hppexp_mupy
Entries 973648 Entries 964024
Mean 0.9517 10° Mean 0.9461
Std Dev  0.06941 \ Std Dev  0.06463

\ \ 0.933 < P/Es.
DN it )

A T 1

R Sk 1] It
1.2 y 1.2
Momentum/E, ___ + Momentum/E, ___ -
hpp
hppexp_pipx hppexp_pipy

Entries 1431751 & Entries 1424186
Mean 0.9324 /‘\ Mean 0.9303
Std Dev 0.03821 Std Dev 0.03719

|
907 <«

12 o8 1] 12
Momentum/E,___ + Momentum/E, __,_ -
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Some parameters dependences

0.01 0.031
0.009 | |
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

pEs

0.012

0.025

N cosmic/ N ee

0.02

0.015

0.01

illllillllilllllIIlIIIlII

0.005

4

ratio of events in left pion decay tail

L L L L I L L L L I L L L L I L L L L I L L L L I L L L L I
0 200 250 300 350 400 450
E beam, MeV

;LT

0.014 ........................... .......................... ........................... .......................... .....
0.011

GP"" Ebeam
1
"

0.012F

0.01
0.01

0) of bremss. tail

0.009

0.008F

0.007

dN/dx(at P

0.004 —— ........................... .......................... ........................... .......................... .....

0.006 0.002 - ........................... .......................... ........................... .......................... .....
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Question 6

Question 6

The 2D reference distributions contain 36 and 57 parameters treated as nuisance parameters in the likelihood fit.
Provide more information on the nature of these parameters, their time dependence, the checks with data and how
they impact the systematic uncertainty on the cross section. Is it possible to show a data-MC comparison for
individual PDFs, e.g. by applying strong cuts for one of the tracks?

Energy deposition-based separation:
PDFs is described by a generic functional form (log-gaus, etc),
trained on the data: by tagged electron, cosmic muons
56 free parameters in fit
PDF(e+e-): (2 Logarithmic Gaus + 1 Gaus) + O-Energy probability - all per axis + fixed from MC X-Y

correlation Za; f(kiX+ kiX-)

10*2 + 1*2 = 22 parameters

PDF(u+p-): form fixed from clean cosmic sample selected by time of event, and momentum,
Nu/Nee fixed from QED

PDF(m+m-): MIP as "2 Logarithmic Gaus + 1 Gaus, 1 shift fixed” + MIP probability + O-Energy probability

+ Hadronic tail by sum of decreasing gausses as %a; Gauss(X-(E™*-E™P)*i/n+E™P, 0o) - all per axis

9*2 + 1*2 + 1*2 + 5*2 = 32 parameters

PDF(cosmic): form fixed from clean cosmic sample selected by time of event, N fixed from time

distribution

Nee , Neo/Nee - 2 parameters
27 March 2023 g-2 theory initiative seminar



Fit result

10°
10°

10

10°

27 March 2023

Ebeam 391.48 MeV

hee px0
Entries 1235679
Mean 82.7
Std Dev 52.45
——
! E 100 MeV
\ Llxe 4
< N
- e e PR ¥ ) | V(IR 1
100 200 300 400 500 600
Elxe+
= hee_ pxi
E Entries 244604
E Mean 155.8
5 Std Dev 100.1
E A NI r— A
- 100< Eixe < 187 MeV
0 100 200 300 400 500 600
Elxe+
hee px2
/" Entries 1149457
/ Mean 2541
Std Dev 57.83

18
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.200. .

PR T S
300

P
400

L1

500

600
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10000 |

8000 [}

4000 f

2000

(A
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6000 |

hee py0

Entries 1109013
Mean 69.66
Std Dev 41.71

600
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Entries 322486
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Std Dev 98.78

\
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600
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Std Dev 69.46

10*
10°
10%
10
1

Muon & Pion MIP PDFs are strongly overlap,
In 10 < Eixe ~ < 100 MeV constant PDF was used to suppress likelihood systematic
g-2 theory initiative seminar
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Some parameters dependences

ratio of w events with Edep < 10 MeV

T I | | I | | I -1 I | N T - I | B . I  —— I D —— I || | 1111 | L1 | L1111 | 1111 | L1l | 1111 | L1111 |
£50 300 350 400 450 500 550 600 BOO 250 300 350 400 450 500 550 600
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sof- —

<100 MeV)
OF dep’ MeV

dep

40 ................................... ................................... ................ {é% ..... _ )
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0.7

30

20
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0.5

ratio of = MIP( 10<E
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0-& L - I : I L k L L I L L - : I L L : ; I . L - L I L L L L I L L L L I 1 1 1 I 1 L L L I L L L L I L L L L I L L L L I L L
50 300 350 400 450 500 550 600
27 March 2023 E beam, MeV e St g-ﬁogheorysi)lqitﬁ@;i;?&?ﬁmninar



Question 6 & 19

Question 6: The 2D reference distributions contain 36 and 57 parameters treated as nuisance parameters in the likelihood fit. Provide
more information on the nature of these parameters, their time dependence, the checks with data and how They impact the
systematic uncertainty on the cross section. Is it possible to show a data-MC comparison for individual
PDFs, e.g. by applying strong cuts for one of the tracks?

Question 19: Tracking plots (efficiency plot?) are given for MC simulation only. Need to see data/MC

tests. The PDFs are obtained from data itself, they are not necessary to be same as in
simulation. Some features of PDF give possibility o control particle specific losses (pion
decay, bremsstrahlung loss) - given in slides 27,28.

Experimental P+ spectrum with |P- - Pmr| < 10 MeV Experimental P+ spectrum with |P- - Pe| < 10 MeV
RHO2018 Ebeam 391.36 MeV RHO2018 Ebeam 391.36 MeV
hppexp_pipx 10° Lr _______________________________________________________________________________________________________________________ hppexp_epx
1osblefttail o fY Enitos 0357262 :
3 04 ......... riqlf"l-TC“.I 1 05 ;Eﬁ""rail ............................................................................... ..'. .........................
reconstrycted - ;

Bre mssTrah
ack \‘

||||I111] |||||I11] |||||I1|] |||||I11] TTTI

10 : S e e I L B 3P S gt qulcflvecorr‘ecﬂon --------------------------------------------------
1 :_l Qs ............................... 10! /o . C.omplo ner.”. I v . . “ .
0 ROB VT - B2 o 0.2 0.4 0.6 0.8 1 1.2

- Momentum/E + Momentum/E

beam beam +



Data/MC checks for particle specific losses

Some features of PDF give possibility to control particle specific losses (pion decay, bremsstrahlung
loss) - slides 27,28.

N events in Left+Right pion decay tails in PDF Left tail in electron momentum spectra describe
The monitoring tool to control the reconstruction radiative + bremsstrahlung loss

efficiency of decayed tracks in Data vs MC N of events of brems. part at cut P/Ebean < 0.45
ot 5/73 | [nor 7197148 gives part of brems. correction (0.9% of total 1.2%)
| | | Prob 0.1113 | | Prob 0.004917 ~
g 25 p0 D_?gaazo_ogssgg po o.ggsa;go.msgsz Qér;tl:df ?:;2;133
S 1.8F 4 data : pO 0.9918 + 0.0001763
S 4eF o [ N  lpt___-27910-06 2 4.7490-07
o 1.6 % simulation :
° F: 2 o : : 27 ndf 38577149
5 1.4F é_-’ 0.994 ] R A — — Prob 6.6936-23
:5 Q B : ; 0.9925 + 0.0001754
1_2:2. ....... E B -4,999e-06 +4?249—0?
. Q i {e} 1' '
1:?* ..... = 0.992 - F1AgRR gl s b } .......... } .........................................................
0_8:_? ....... . l.'rl.l.l, - A ' i .;!, |
": W E ;- Liaihi I *
0-6 __ .................. ? 0_99|__ .................................... : i .. A ................. * .....................
0.4F o fof e R — R R— '-'-"5" = i j
= o -
0.2 __ ..................................... ....................................... ...................................... ________________________ o 0.988 _ ................................ ............................................................... *, ______________
:I L L L L I L L L L I L L L L I L L L L I L L 1 : %
%50 300 350 400 450 i | |
Beam energv, Mev 0_986 TN T oSO VOO OSSO UTTSRTUUOY SOV ROORNTON SO
X A . 200 300 400 500 600
Relative COHSISTCHCY ~ 2-3% Beam Enerav. MeV

N events in Left + Right tails AData/MC:

Relative consistency in inefficiency ~ 2%
RHO2013: 0.0014+-0.007, RHO2018: 0.007+-0.006



Question 8

2§ ndf 5222144

Fig.8: the double ratio Nr«/Ne. for the 2 methods is I 00°r p L o o b
fitted between 0.6 and 0.9 GeV and found to be 2 00a ] 1 m oy I
consistent with 1 within 0.2%. The fit is dominated by gf 1 " owas ! E
the large statistics at the p peak while uncertainties ::70'021 fl[e
are much larger in the tails. Is it reasonable to quote a  Z* of AL, Il
constant systematic uncertainty on this ratio of 0.2% i [ ]" T [l
throughout the range 0.381-1 GeV? el 1 I t

—0.04f i !

0005 300 30 400 450

Beam Energy, MeV

The Logic is Possible biases are checked on full MC — systematics are estimated
different: independently per each separation method.

Comparison of different methods gives the additional cross-check and ensure us,
at least at central region, that 0.2% systematic uncertainty estimation is safe.
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B e i e ARSI s i i o .

Momentum-based separation on full MC

The separation biases of likelihood
minimization was checked on mixed
samples of full MC

2
21 012 e T P %2 /[ ndf 11.23/9
: : : | Prob 0.2604

1.01 '_} ........................... — T— [P0 1.002 +0.0003804

1.008 _ _________________________________ _________________________________ __________________________________ __________________________________
At lowest points statistical - | | ?

precision per point is low ~2-7%

<N_./N  >/ratio

1,006 F= Withott..occ . T A— SN S
L Cosmicin |

1.004 :_m, -ed---dﬁ'-r-a----é----- ............... l‘ .......... o J: ............................

100 independen-‘- mixed data 1.002 :_¥ ........................... e ............... o o {e .......... o —— {el ............... Lo ;
samples were produced: 2 T { _________ S— t ____________________________ T __________________________________
<Nmnt/Nee> ~ +0.2% o o —— T —
<Npp/Nee> ~ +0.2% S S S EEPP SR
160 180 200 220 240 260
Beam Energy, MeV

At /s <0.381 GeV, the detector was operated with reduced magnetic
field B=0.65T (1T) instead of 1.3 T - there is not enough data for
cosmic PDF determination — systematics 0.5%

At lowest points stronger cut |tevent-tbeam| < 10 nsec to suppress

cosmic events was applied
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Question 18 N

Tracking: clarify the separation made between 'base efficiency' (frack selection cuts) and
inefficiency from sources specific to particle type (decay, multiple scattering,
bremsstrahlung, nuclear interactions).

The efficiency analysis is based as much as possible on data itself.

The test sample for efficiency study was selected by 2 collinear clusters in calorimeter.

Unfortunately it is doesn't cover the full data sample used in the particles separations.

Some events, when second cluster is not present, are not taken into account in test sample.

Test sample covers only ~30% of pion specific inefficiency (from ~2%-pion decay, nuclear interact)
~ 5% of electron specific (from ~1% - bremsshtrahlung)

Also some of inefficiencies like cuts on Nhits, Z,, resolution in © are studied separately

Particle specific losses were taken from full MC (and controlled by data).

This corrections are applied as for full m+m-, e+e-, ... data samples used in analysis(added),

as also for each specific test samples used in efficiency study (subtracted to exclude
double-counting).

27 March 2023 g-2 theory initiative seminar



| Question 26

Two generators used (MCGPJ, BabaYaga) NLO+NNLO approximative with some

differences found for ee: give more information. Does it affect also the yy and mm samples?
Please see more details in: https://agenda.infn.it/event/28089/contributions/147298/

Yes, p+y- and m+m- differential cross sections have also some uncertainty

MCGPJ with jet angles

2/ ndt 1836/ 204
— 0.002

e+e_: E 0 0015§ :L:}Db 0,0009444i1,876M2
—— 0 5 = P —2.183e—06 + 4.707e—08
Integrated cross-section is 2 o.o0if
; & 0.0005ELyd
consistent at the level <0.1% g 00005 ¥ 0, i
£ o Teigh g
between generators 2 40005 %
& —0.001F
—0.0015F
~0.002/55"~"500 250 500 550 400 AséE' 500 M '530
L . ~ 0.003 beam, Me
b : = 0.002F
- o =
?In’regrta’red cross soec’rlon is 58 MG &
inconsistent up 0.4% & of o
6:‘._0_001§ - ] E
7 0025 & (S BabaYaga@NLO
BabaYaga@NLO, KKMC, etc - missed mass oooab. P
term in FSR (arXiv:hep-ph/0505236) “0.00af &
—0-005———54 =306 400 500 600

27 March 2023 -2 theory Initiative seminar


https://agenda.infn.it/event/28089/contributions/147298/
mailto:BabaYaga@NLO

| -

- MCGPJ vs BabaYaga bhabha P+ vs P- spectrum

Differential over momentum spectrum comparison

: R L C, 39148 My
Hg 1 ........................................................................................................................................................ RN
o

0.8 o . ............................... ......

0.6 ..... . 5 ............................ ......

0 A - - s

0.2

10

1
1
P-/E

beam

MCGPJ last improvement with jets angles
reduce discrepancy from x1.6-3 to x1.1

Momentum spectrum still disagree at level ~ 10%

Tails comes from e+e- = e+e- yy , NNLO order
Very desirable to have more precise generators

Such discrepancy gives ~0.1-0.2% systematic for m+m- at p-peak using momentum analysis at CMD3
27 March 2023
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Differential cross section effect on form factor

Differential cross section knowledge is Difference of MCGPJ vs BabaYaga@NLO
necessary for momentum-based separation Cumulative from ere- and p+p- spectra
(not used in energy deposition separation) z s %h e
%—E %‘ ...

Effect ~0.1-0.2% at p-peakf/"**””*””””ié’” % u+- effect
Effect comes when momentum peaks ;_n e <0.05-0.1%
from m+m- and e+e- become close 3 oot Pion formf

. Ebeam 39136 MeV E': ;
" ——— ore. Z-0.015F
o I A Y :

L ] _l Ll Ll L1 Ll 11 Ll 1 1 Ll 1 1 L1 1 1 L1 1 1 L1 1 1 11
;r'f LLL 0085055 0.6 065 0.7 075 0.8 085 0.9

10° i jf{#ﬁn LLL LLL % ° ’{’EH H{H{%H* ~1/4-1/3
107 %;;f’fﬁ 7 L[L ILL z —0.012 l{ﬁ%ﬁ}ﬁﬂ{%

0.8 0.85 0.9 0.95 : 4
= It

p+u- effect

—_—

(p*+p)2/Ebeam o3 1
Important here soft photons radiation 2 [ H+U- cross section o m
distribution: Z" 0.03f l
Looks like BaBaYaga@NLO approach with -

: . . : B L
iterative photons generation gives better result AR v e Al
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| Questions 30, 32

Question 30: How can you justify a 0.2% error for the nm mode in MCGPJ given the large uncertainties seen for the
Bhabha mode?

Question 32: The RC are large +8% at 0.9 GeV and -9% at 0.7 GeV. What is the uncertainty specific to this analysis,
from the used generators. The number 0.2% quoted is for the integrated cross sections (‘declared’ by MCGPJ

authors) , but apparently not listed in Table 2. Also what about NLO+HO differential cross sections? Need to be
clarified.

N.B. Integrated cross section in Bhabha mode was
always consistent between generators at ~ < 0.1%

1.1

(1+3,.,)

1.05
0.2% from MCGPJ is listed in Systematics Table 2:
Contribution

C0.2% (77 )@ 0.2% (Fy, /5 > 0.74 GeV) @ 0.1% (e*e )

+8%/-9% wave comes from FrandISR ———

Uncertainty from different Fr parametrizations is 08
second part in radiative correction uncertainty

Differential cross section doesn't affect energy deposition-based separation.

Looking on Nup/Nee in momentum-based separation, the effect from mm spectra probably is smaller
than from e+e- spectra (0.1-0.2% at p)
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TUTT generator

For mm mode
Unfortunately only MCGPJ available with declared 0.2% precision (for energy scan
experiments)

Phokara and BabaYaga 3.5 are incomplete at NLO level for energy scan mode:
there is no FSR

Very desirable to have new precise generator with above sQED which will cover ISR up to
Ey=0

The table with applied radiative corrections in this analysis is part of arXiv submission,
It will be useful for cross-checks if new generators will be appeared.

Some cross checks to compare MCGPJ/Phokara were performed
At Epeam 391.48 MeV point:  If to use Phokara momentum spectra for mm PDF instead
of MCGPJ — 0.03% difference on Fx
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MCGPJ/Phokara

ISR and Fm cross check MCGPT with .FSR off, ] b
Phokara 10 with same |Fm| as in MCGPJ, additional VP off

~ 0.003 - - #2 / ndf 3153 /208
4 - « o S A Prob 0
% 0002: % 0'0015 ' ) 1 TE T ~0.0003297 + 1.691e-05
2 E of ! = =
g - 3]
% 0.001 3, -0.001
5 - & —0.002
S = Uy 55
2 0 £2-0.003
%_0.001F %0.004
: -0.005
-0.002|-
N —0.006
0003 1 S A I IR S S
1 200 300 400 500 600 200 300 400 500 600
Beam enerqy, MeV Beam energy, MeV

Cross section is consistent at ~0.05% at p-peak
(ClT phl - 0.250/0)
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MCGPJ FSR contribution

With Fpi=1 FSR is consistent with With full formfactor behaviour
analytical formula at < 0.05% it is different because of ISR return.

IF?j=1 Looks reasonable
n:. B i B
2 0.018f -* 5 0.018F * Eull
N g cross sectio
50.016f < 0.016 ult cr n
52 [ MCGPJ(with ISR) SR =3 *
©0.014 3 O 1 %2 0.014 * -
F FSR F A
[ (0] B
0.012 i OJn 0.012f %
- 5 ... (formula) - £ f
0.01F - FoR 0.01} ﬁ’; *
) R B ‘E‘*ﬁm f
0.008f WP 0.008f \d
| Rk ¥ % :
R PR SRR SRR SRR B 0.006f
200 300 400 500 600 — 200 300 400 500 600
Beam energy, MeV Beam energy, MeV
3 |FA=t
- a0 - 0.018f
 08F & 0.016F
w sle 2 0.014 Tn.ueced.accentance
: 0.6 . 1 {é _E d H * del | UISOU UL L O TQINiGeo
= 7 2 0.012F 1 o
2 paf i - E o cutsFSR ~01%
. £ 0.01F %
B o] s %
-.._E 0-2 k. E_ {4 0-003E *‘*
2 # J I 0.004f .
. 1 s .
0.2 fi gt 0.002 \
0.4 ' O W
5 e 0.002F T
200 300 400 500 600 200 300 400 500 600
Beam energy, MeV Beam energy, MeV

27 March 2023 g-2 theory initiative seminar



Question 43

Since it is only mentioned without any detail in the conclusion, can you clarify how
the blinding of the results was achieved?

It was not "fully” blinding way.
The analysis was driven by self-consistency checks without comparing with others and by list of
effects which should be checked giving effects ~0.1% .
The main blocking difficulties were:
Consistency between momentum/energy deposition-based separations
(initial version of Energy based method (with LXe+CsI total energy) was having bias even on full MC data)
Discrepancy in angle distribution

The detailed comparison with previous experiments appeared only at final stage,

when it was performed accurate fitting of final measurement, iterative recalculation of radiative
correction with CMD-3 form factor parametrization, with different parametrization over
different experiments, etc

The collaboration was blinded to the last moment, the day before of the public institute seminar:
The discussions on all steps of the analysis over many years in local collaboration meetings, the
paper preparation, the discussion on the systematic contribution (with all effects and problems
involved) were without looking on final formfactor and comparison with others.
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Question 46

The paper cannot avoid a study and a discussion concerning the CMD-2/CMD-3 strong
discrepancy which are absent at the moment, despite similar detectors, analysis and
group: outline the major differences in the detector and the analysis procedure,
compare distributions, dig out where the problem occurs. seen for the Bhabha mode?

We don't know at the moment the source of difference between experiments.

In principal CMD-2/CMD-3 detectors are totally different:

CMD-3 allows to study systematics at higher statistical level.

New Drift Chamber, new LXe calorimeter(with tracking capabilities),

new electronics, new implementation of frigger system, ...

Peoples involved in analysis at p-peak are different (except exchanged experiences)
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B e s SR ONAD s i i R,

The central values of the K+K-., m+T-, ancillary 3 | B(uw—ee)B(w=mrmmo)
measurements all tend to be higher than other experiments 2 = .68 MeV

i : _PD62022
at a similar level of 4%, which of course for the 21 channel L g chip.2
looks most spectacular. Have possible common systematic O
. 2 SND
effects across channels been investigated?
. 2 o 2 BES3
3m process is well consistent with others experiment
(except CMD-2) —— BABAR
The common excesses in K+K- and m+m- to others experiment are . CMD-3
seen, it could be correlated or could be not-.... A I D T D D e
h 6 6.2 6.4 66 68 7 7.2 74
Possible common sources: Br(w— e'e)x Br(w;yg;; ) .135 b
X Detector related: e+e- > K+K- cmos 2%
c D & : o : BaB 0.7%
e+e- trigger efficiencies, tracker efficiencies, ... : Y e =
* not seen in Nup/Nee ratio i b —comps20t2 ]
o 005 —e— CMD-3 2013 .
» effort to catch triggers TF vs CF correlations was performe )

(=}

@ of il |

* not seen problems in angle distribution (if some resolution 20
-0.05~

effect unaccounted...)

for future scans: new trigger system under commissioning, 0.1F =
nhew DCH, ZC under consideration 0.15F- E

¥ Radiative correction for K+K-/m+m- from MCGPJ generator: e
1020 1040 1060 1080 110

discussed in previous slides MoV
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Question 49

What are the plans for publishing this analysis: short/long papers?
Do you intend to perform additional checks before submitting to a journal?

Analysis is finished.
(in fact, analysis was finished about a year ago, since then it was form factor fitting, polishing,
paper preparation, internal paper reviewing, ....)

many self consistency checks were already performed, further may be with a better detector

Current plans:
short paper is under preparation, additional text polishing of the long paper
and to submit both versions to journals in April (middle?)

Future plans, other papers:
New p scans with improved detector and possibly some specific systematics checks are expected
Analysis at /s >1 GeV is in progress by another person
(exploiting full shower profile information by neural network,
as better separation is required at higher energies)
with same independent steps for efficiency determination, etc for formfactor evaluation
— cross check between current and new analyses will be required at final stage
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What is g-2 and how it is connected to R(S)

The magnetic moment of the particle relates spins to its angular momentum via
the gyromagnetic ratio, g: =g Zem 5

In Dirac theory, point-like, spin 3 particle has exactly g=2
X

*

y

VWW

u-ﬁ-
Quantum loop effects via vacuum fluctuations lead a calculable deviation:
the anomalous magnetic moment a = (g-2)/2 ~ a/2m ~ 0.00116

ST 0 L
/ 35
) u*
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The lowest-order hadronic contribution to (g-2)u

The hadronic contribution is calculated by
integrating experimental cross-section
o(e+e- — hadrons).

The diagram to be evaluated:

L
had.

pQCD not useful. Use the dispersion relation
based on analyticity and the optical theorem:

Starting at high energy the pQCD
estimation of o(e+e- = hadrons) is used. At
lower energies only the experimental data

can be used. W.M I W(S q2) - W.M

Weighting function ~ 1/s2, therefore ad

lower energies contribute the most: I

had. had |
f 1 g R (s) ds

K()—&GTLO

<26GeV gives 93% of the integral,

n*n gives the main contribution (73%) to a, qad Lo —
w
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| Pion specific inefficiency

N ut * fotal
- $ s decay .
................................ iié* ................... hadrﬂn|ﬂ Inelastlc .................. ..............
. " % 4, + hadronic elastic 3
T dEHd)( MS on inner tubes

e

o

@
e

on loss

i

& =
o
N
(3]

0.02

0.015

0.01

0.005

E R R TMEET i .1
Beam Energy, MeV
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. Energy measurement by Compton back scattering

Starting from 2012, energy is monitored continuously using compton backscattering

Laser
Lensas

_ 'j. v ! i

Infraned radiation

- Interference of photons from A and B

HPGe detecior

_ ~ > B B
laser ——_ _‘_b 1) T

3500

counts

3000F— g

2500

2000

1500

0.4k L L i i
1500 1550 1600 1650 1700

L
"0, keV

1000

500

4TII|IIII|TII]|III]|ITII

-13'?,‘3;" E =993.662 + 0.016 MaB

I ] i 1 L 1 L i ] | I N ] ] i Il L 1 1 E b | 1 § ] | I | I 1 L '] 1 l A I | F
1650 1700 17350 1800 1850 1900

M.N. Achasov et al. arXiv:1211.0103v1 [physics.acc-ph] 1 Nov 2012
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| Beam energy measurement at VEPP-2000

* Magnetic field control in bending magnets 8E/E< 1073
* 8x2 NMR probes, continuous control
* Absolute calibration using: MR, Compion, RD compare e
@-meson (1019.455 + 0.020 M3B), 80070 |- R
w-meson (782.65 + 0.12 M3aB). 0G0 [ + s
* Measurement of photon energy from back 8E/E < 10+ SCGTT&QEZ?@Z DRSS W - .+ -
laser light oo a0 | ‘ ‘ | ‘
* Installed in 2012. 0020 !
* Needs beam current (20 mA), ~20-50 keV accuracy in 10 nithe J:|$ o : I
Energy control during data taking. T 140 isco 1800 soe0  smoo  dowo

time hnoure

Methods comparison:

= =
% s00| " ,.,;é;,*.‘;ﬁ NMR, Compton, RD compare Ne2
5 E ] Mmgare V', Jis —
g sos— & . T R Y
I ®1 B : : : : : H H |
= 458.60 [ g §§++ ]
507 | — AB8.55 i +E% @7 T
I 4% 4 . : : : : : : : : : |
[ %H >458‘507H R SR
506 — [«}] :
i Z 45845 [
- . . ui s s : s s s
505; wmm*? 458.40 | DS O S SRR
S ApizGAprziApi23  Apr23  Aprzd — Aprzs  Aprze - Aprz7 45835 [ b
07:00 07:00 07:00 07:00 07:00 07:00 07:00 0700 458.30 1 E Tar + 0.46 MaV ] - - ,3 ] N | i, - - :
* Resonance depolarization method OE/E < 10 - jacor 1B |
S T v R d 458.25 || _ depol @]
e, ver‘y hlgh GCCUI"GCY, Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb03 Feb 03

14:.00 15:00 16:00 17:00 18:.00 19:00 20:00 21:00 22:.00 23:00

* Special configuration of VEPP-2000: "warm" optics without time, hours

CMD-3 field. i o ,
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Electron and muon g-2 Experiments

L e .
=g ——38S, =2(1+a
n=g> g=2(1+a)
ae = 11 596 521.8073 (0.0028) 10719[0.24ppb] ap = 11 659 208.9(6.3) 1071°[0.54ppm]

Hanneke, Fogwell, Gabrielse, PRL 100(2008)120801 Bennet et al., PRD 73(2006)072003

s

trap cavity electron top endcap
: electrode

compensation
electrode

nickel rings ——" ’:;— ring electrode
0.5cm] | /& T <« compensation

bottom endcap _§ v T j'.\jelectrode
electrode ' field emission

microwave inlet ——# point

quartz spacer

Harvard Univ. One electron quantum cyclotron
The value of ae was used to get the best determination of

fine-structure constant o. Muon (9"2) IS 40,000 times more sensitive to non-
_ QED fields than electron (g-2) ~ (muy/me)?, providing
R. Parker et al., Science 360 (2018) 191 more sensitive probe for New Physics.
Recent o, measurement using the recoil frequency of Cs-133
atoms with 0.20ppb gives 2.50 tension with experimental ae
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S - 10,000,000
1,000,000
T 100,000

- 10,000
1,000

100

10

1

a, = a,(QED) + a,(had) + a,(weak) + a,(BSM)
Precisions: 7 ppb HVP: EIOppb 9ppb < 2300ppb
LbL: 220ppb o
QED: Kinoshita et al., 2012: up to 5 loops (12672 diagrams), EW: 2 loop
Hadronic: HVP: the value is based on the hadronic cross-section e+e- data; "

LBL: model-dependent calculations; measurement of transition | ;. ;
formfactors can help, improvement is expected from lattice i
had.

calculations "

New g-2 experiments at FNAL, J-PARC: 540 — 140 ppb
27 March 2023 g-2 theory initiative seminar
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0.2

I R R R B
% 0.2 04 06 0§, 1
Momentum spectrum still disagrees at level ~ 10%
Need more experimental data for cross-check

We need more theoretical help

BabaYaga/MCGPJ

Result in |Fmt| systematic by momentum
- 0.0-04%

For precision ~<0.1% necessary to have exact e+e-—e+e-(yy) NNLO generator
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Asymmetry 2mt/e+e-/2

Asymmetry relative to generator pr
OA (T+m- O0A (e+e-)

ediction
0A (u+p-)

. L 0.01532/1 | | o ¢ ndf 16.68/ 10 pry vz [rna 537378 72 f 201411 | 5539/ 4
= B Prob 0.9015 Prob 0.08185 d C Prob oa3aa 1 Prob 0.3142 ﬂ [ Prob 0.08779 Prob 0.2363
Q 0.02 - PO —D.0009446 % ooty PO___0.01037 + 0.0004038 2 C W0 00006503 £0001026 | | p0  _0.00138  0.0004627 “‘% 0.02F PO 0.0002448 +0.002667 | | p0__ 0.003208 + 0003439
u_lé - - ; o I ndf 342614 |3 0.02- e YTV j__lc’.!‘ sl 2 ! ndf 0.9234 /3
0 % B % RHOZ013 Prob 0.001388 —.lN - % RHoR013 Prob 0.02015 e C #  RHO2013 Prob 0.8198
L R « RHors PO 001034 0.0002665 | TS C W _oonissszopoosoez | B B e  RHOZ018 po 0.002176 + 0.00172
" 0-01 ‘: o g D 0‘ - RHO2018 :L_Im 0-01
= - LOW2020 = 01 e =1 B L&W2020
- 1 F ] - + 4
(1] S . - ] 0__ 1 1 ] ¥ }r+ o Tl"'—’k—' 0 a0 S :
- s - | — T - -—* - -
: ks SR L ’ :
n 1 : - - e
~0.01F | %ﬁ?— -0.01 { -0.01F
—0.021- —0.02F —0.021-
150 200 250 300 350 400 450 500 550 600 150500 " 550 500 350 400 450 500 150 200 250 300 _ 350 400
Beam Enerqgy, MeV Beam Energy, MeV Beam Enerqgy, MeV

Average at 2E=350-410 MeV

ith MCGPJ:
BA> = -104 £ 0.02 % i .

with BaBaYaga@NLO:
p - like behaviour 007 +003 %

Fixed order NNLO ~ -0.06
No trends for e+e-
BabaYaga/MCGPJ difference gives ~ 0.08%

Detector systematic ~ 0.1%
27 March 2023

<03A>=0.10+0.14 %

Nup can be extracted
only at lowest energies
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